The authors discuss about the relationships between oculoauriculo-vertebral spectrum (OAVS), a malformative condition affecting eyes, ears and vertebral structures mainly derived from neural crests, and autosomal dominant progressive external ophthalmoplegia (adPEO) -an electron transport chain disorder characterized by palpebral ptosis and muscular symptoms -on the basis of laboratory data and clinical signs in a case belonging to a family in which symptoms of both diseases occur. Hemifacial microsomia and ears abnormalities were the main neural crest cells (NCC) derived signs for OAVS diagnosis. Palpebral ptosis and the associated hyperlactacidemia with high Lactate to Pyruvate ratio were main signs for the suspicion of adPEO, but the diagnosis was proposed by clinical, biochemical, electrophysiological and genetic methods because the biopsy not always is diagnostic, as in our case. The association of two groups of symptoms (malformed, NCCrelated, and myopatic-electron transport related) in the same subject as observed in our case and partially in the family, may be ascribed to nuclear abnormalities and mitochondrial electron transport disorder, respectively, as well as to a possible common etiopathogenetic mechanism. In some cases of OAVS, the malformations may be consequent to oxidative phosphorilation disease (OXPHOS) derangement, as previously demonstrated; the extensive determination of lactacidemia may be important to address the research on OAVS patients in the mitochondrial/OXPHOS genetic domain, with advantage in the knowledge of OAVS pathogenesis.
Introduction
Oculo-Auriculo-Vertebral Spectrum (OAVS) 1 is a disease mainly of cranio-facial morphogenesis having a prevalence of 1:3500 birth, 2 and involving structures derived from the first and the second branchial arches [3] [4] [5] which are connected to neural crest cells (NCC) development. [6] [7] [8] [9] [10] OAVS includes variable abnormalities of facies, eyes, 7 ears and vertebral 11 structures ranging from mild to severe. Other features, such as cardiac, 12 urogenitary, 11 limbs and cerebral malformations, 3, 13 are present; facial palsy, strabismus, microphthalmia, and velopalatal insufficiency were also reported. 3, 13 The diagnosis of OAVS is clinical, because gene(s) responsible are still unknown. 2 The minimal signs to establish the diagnosis are microtia associated or not to hemifacial microsomia. 2, 12 Isolated hemifacial microsomia associated to a family history of OAVS was suggested to be consistent with the diagnosis of OAVS. 2 The disease is frequently sporadic, but familial cases with apparent dominant or recessive autosomal inheritance 2, 13 are reported.
Segregation analyses have suggested an autosomal dominant mode of inheritance with reduced penetrance. 14, 15 Familial cases and various chromosome aberrations reports depose for a genetic basis in OAVS, but environmental and epigenetic factors may be important. 2 Microtia is a common phenotype in OAVS 12, 13, 16 and, as for maxillary hypoplasia, it is consequent to cranial NCC defect. 3, 4, 13 Aim of this work is to report on a OAVS case with two other patients in the same family, with symptoms connected to OAVS spectrum and to progressive external ophthalmoplegia (PEO), 14, [16] [17] [18] a disease of electron transport of the respiratory chain (i.e. oxidative phosphorilation disease, OXPHOS), and to study the possible common etiopathogenetic mechanism of OAVS and PEO. These cases showed the minimal criteria for the diagnosis of OAVS in two generations, a condition for considering a dominant mode of inheritance. In a case, OAVS was associated to typical PEO, a respiratory chain disorder.
Materials and Methods
We studied a family composed by six subjects, some of them having mainly facial malformations, but also of other organs, or other connected symptoms.
Lactacidemia, pyruvicemia, glycemia, and mucopolysaccharides were examined by commonly commercial available tests. Muscular biopsy was performed on left quadriceps; fibres were stained by hematoxilin-eosin, trichrome of Gomory, oil red, PAS, PAS-diastasis, NADH, SDH, Cox, AMDA, PFK, Phosphorilase, acid phosphatase, alkaline phosphatase, esterases, ATPase. The cariotype staining for G banding was performed by qFq, with band resolution 400, and metaphases analyses 16. For the analysis of X fragile gene, FMR1 gene was studied by PCR, Southern Blot, enzyme restriction and DNA extraction. Array Genomic Hybridization (AGH) was performed by Agilent 400k with medial resolution of 5. 
Results

Studied cases
The family history signaled palpebral ptosis in a grand-aunt of mother of proposita, diabetes in another maternal grand-aunt, and diabetes in a paternal grand-uncle. The proposita (patient II-2) was born from unrelated parents (mother with gestosis), by caesarean section due to uterus atonia, weight 3,250 g, head circumference 38.0 cm; at birth she presented respiratory distress. At nineteen months of age clinical examination of the patient showed macrocrania, frontal bossing, hemifacial microsomia (right < left), right eye microphthalmia with palpebral ptosis and convergence weakness (with subsequent operated strabismus), antimongoloid palpebral slant, malar hypoplasia, malformed, little and simplified ear low side bilaterally with hypoplastic lobule (Figure 1) , flat nasal root, dental malocclusion, irregular teeth with enamel hypoplasia. The patient presented hypernasal voice due to a fissure between velum and posterior pharingeal wall, persisting during fonation. Dysphagia was present. Muscular hypotonia, mainly of inferior limbs, weak Achilles reflex, and surgically treated bilateral pes planus-valgus pronatus were present. Hydrocephalus with cortical atrophy was diagnosed by Computed Tomography (CT). Subsequently, vertebral abnormalities with spondilolysis and spondilolysthesis, lumbar hyperlordosis and scoliosis, and generalized myopathy, worsened with age, were diagnosed. Trasmissive hypoacusia was also reported. Cardiological, nephrological and pulmonary malformations were not demonstrated. Development and mild mental delay (IQ=75) were present. Pubertas precox at four years and six months of age was diagnosed and treated by Suprefact. The patient experienced subsequent constant oligomenorrea.
EEG was normal. Laboratory tests carried out during the period of observation showed normal CPK, intermittent hyperlactacidemia (20.0-33.7 mg/dL; normal values: <20 mg/dL), pyruvicemia variable from 0.24 -0.82 mg/dL (normal value <0.5 mg/dL) and high Lactate to Pyruvate (L/P) ratio (in basic conditions=54). After glycidic meal containing fructose, lactacydemia showed a higher value (from 29.1 to 34.4 mg/dL after one hour) followed by slow decrease (33.10 mg/dL after three hours) (Tables 1-3 ). In other controls after meal L/P values were also higher (up to 158); after Electromyography (EMG) demonstrated reduced duration of some Motor Unit Potentials (MUPs); the amplitude of potentials was normal. The Maximal Conduction Velocity (MCV) of motor fibres of the right peroneal nerve was normal. Somato Sensorial Conduction (SSC) of inferior limbs was bilaterally low and spinogram demonstrated unidentified cortical components; peripheral components were normal. Muscular biopsy of left quadriceps muscle at 13 years of age showed fibre anisometry with normal hypotrophic and tendential hypertrophic fibers without degenerative signs; neither glycid nor lipid pathologic accumulation was observed with oil red and periodic acid-Schiff staining. Nicotinamide adenine dinucleotide, succinate dehydrogenase, cytochrome c oxidase, phosphorylase, phosphofructokinase, ATPase were normal (Gomori trichrome stain). A definite prevalence of first type fibres (oxidative fibres) was observed with ATP-ase stain.
Also the patient II-1, brother of the proposita, presented OAVS showing slight hemifacial microsomia, right ptosis, convergence weakness, slightly malformed ears, prolapsus of the anterior mitral leaflet with normal aorta. The results of basal normal lactacidemia (15.2 mg/dL) and pyruvicemia (0.4 mg/dL) with L/P ratio=35, increased lactacidemia after exercise to 29.9 mg/dL and decreased pyruvicemia to 0.25 mg/dL with L/P ratio=112 were typical of respiratory chain (OXPHOS) disease. 19 Headache from the first years of life with normal EEG and normal fundus oculi were signaled.
The son of patient II-1, patient III-1, showed hemifacial microsomia, bilaterally down sided, grossly formed ears, hemihypotrophy of left leg muscles, incomplete Right Branch Block (RBB). These symptoms were typical of OAVS and partially of Chronic Progressive External Ophthalmoplegia (CPEO) phenotype.
The history of family demonstrated that the father (patient I-1) of the proposita was in good health conditions with basal hyperlactacidemia; the mother (patient I-2) presented basal hyperlactacidemia and mild hypoacusia.
In summary, the proposita showed OAVS associated to PEO, hyperlactacidemia and hypogonadism; her brother presented OAVS with PEO and hyperlactacidemia; the nephew of proposita presented OAVS with myopathy signs; father and mother of proposita presented hyperlactacidemia. In this family the OAVS diagnosis was proposed on the basis of clinical features.
Discussion and Conclusions
Ear abnormalities and hemifacial microsomia, i.e. the minimal features accepted for OAVS diagnosis, were present in three out of five members of this family in two generations; this condition allows the diagnosis of familial autosomal dominant inheritance. 13 Chromosome abnormalities were not demonstrated in the proposita, and AGH screening was negative. The diagnosis of OAVS was done on the basis of clinical symptoms, i.e. hemifacial microsomia, malformed ears, right eye microphthalmia, antimongoloid palpebral slang, malar hypoplasia, flat nasal root, teeth malocclusion with enamel hypoplasia, transmission hypoacusia, spondilolysis and spondilolysthesis. Symptoms of myopathy associated to OAVS, i.e. right palpebral ptosis, convergence weakness of the ocular motility, fissure between velum and posterior pharingeal wall during fonation with disphonia (due to hyposthenia of musculus elevator palati and musculus constrictor pharingeus), dysphagia, generalized muscular hypotonia and hypotrophy mainly of inferior limbs, with weak Achilles reflex and bilateral pes planus valgus pronatus, were present. Myopathic-type reduced duration of some MUPs was recorded with EMG; the prevalence of type 1, rich in mitochondria, oxydative fibres (normal value=50%, as reported by Dubowitz et al. 20 ) observed in the biopsy was compensatory, and indicated the occurrence of a mitochondrial disease 21 with apparently normal OXPHOS. Elevated LDH and hyperlactacidemia with high (>20) L/P ratio were typical of mitochondrial disease with involvement of respiratory chain and were connected to cortical atrophy with hydrocephalus and oligomenorrea. The phenotype of myopathy pointed out progressive external ophthalmoplegia (PEO) associated to OAVS phenotype.
OAVS, in which Goldenhar Syndrome is included, is considered a neurocristopathy. 6, 22, 23 In this disease the presence of malformations deposes for a disorder of blastogenesis (the period of 28 days from the ovum fecondation to the end of gastrulation), when cardio-angiogenesis, meso-nephrogenesis, body axis formation, and neurulation occur and somites are formed 24 . It was hypothesized that OAVS is due to an abnormal right-left body axis development during blastogenesis with facial maturation asymmetry. 24, 25 Neurulation is strictly connected to NCC migration, to five branchial arches formation, and to CNS development 4 . The structure of every branchial arch is complex and comprises ectodermal, mesodermal, endodermal, and NC-derived cells. 26 The epidermal structures originate from the ectoderm; connectival, cartilagineous, and osseous structures originate from the mesoderm, populated by NCC; lining epithelium, thyroid and parathyroid glands arise from the endoderm. 26 The alterations of facial osseous, cartilagineous, vascular and peripheral nerve structures are attributed to abnormalities of NCC proliferation and migration 27 in the first and second branchial arches during the 4 th -5 th embryonic weeks and/or to the integration with tissues. 28 Some homeobox genes (BAPX 3, MSX) 29 are present in NCC, as well as some factors (FGF 8, FGF 10) 30,31 which are relevant for the connection of NCC with the tissues in the first and second branchial arches; the pathology of NCC may interfere with the subsequent pathological development of ear and maxillomandibular structures. 6, 29 In humans, abnormality of NCCs may cause many facial malformations as observed in neurocristopathies, 31 such as in the Waardenburg syndrome (in some cases due to PAX 3 gene mutation) 31, 32 and in Treacher Collins -Franceschetti syndrome, due to mutations in the TCOF1, POLR1C, or POLR1D gene. 33, 34 The aetiology of OAVS is heterogeneous: the syndrome is consequent to genetic, environmental and epigenetic factors. 2, 12, 35 The syndrome presents a genetic basis. Currently, growing factors depose for the inheritance of OAVS; in familial cases it seems more likely a Mendelian inheritance. 2 Sporadic cases may have polygenic or multifactorial aetiology. OAVS is observed in families with dominant or recessive autosomal inheritance; in members of these families, isolated symptoms without the complete syndrome were also reported. 12,13 OAVS has been reported in association with Article N o n -c o m m e r c i a l u s e o n l y various chromosome rearrangements 2 , but chromosome aberrations do not seem to be a major cause of the syndrome. 36 The molecular basis of OAVS is still unclear. 12, 13 Some genes were candidates, because associated with OAVS cases, but a conclusive study on genetic aetiology was not reported. 2 In a family with apparent autosomal dominant inheritance, a linkage to a region of 10.7 cM on the chromosome 14q32 containing GOOSECOID gene (GS) was reported. 37 GS is expressed in branchial arches during the development and has been suggested to play a role in hemifacial microsomia. 37 Recently, a microdeletion 22q11.2 in a patient with OAVS mapped in the Di George -velocardial syndrome (VCS) region, non overlapping to OAVS with 22q11 deletion was reported by Digiglio et al.; 38 it may cause a similar OAVS phenotype, thus pointing out a possible regulatory mechanism in the aetiology of OAVS, acting also on 22q11.2 mapped genes involved in NCCs and branchial arches development. 35 Also environmental factors, i.e. maternal diabetes, 39 cocaine, 27 thalidomide, 40 vasoactive drugs assumption during pregnancy, may play a role in the pathogenesis of the syndrome, but predisposing factors as twinning 41 and reproductive techniques are relevant, because an excess of OAVS was reported in twinning and in children born from reproductive techniques. 41, 42 The mother of our patient showed hyperlactacidemia, a condition which may be present in decompensated diabetic mothers during pregnancy. We can hypothesize that mother hyperlactacidemia and her own genetically induced hyperlactacidemia may have acted in the proposita, inducing or aggravating the malformation symptoms of OAVS as in diabetic mothers. Epigenetic mechanisms are considered in OAVS etiology. The syndrome is consequent to the derangement of the first and second branchial arches, NCC-derived transitory structures strictly connected to NCC proliferation, migration and interaction with tissues. 8 Epigenetic mechanisms are important in inducing OAVS, acting on the production or interaction of NCC with the environment. 43 Monozygotic twinning and assisted reproduction 42 may predispose to epigenetic modifications leading to histone acetylation-dependent imbalance of the allelic expression of the BAPX 1, a gene important in mandible development, as reported in five patients with OAVS. 44 Currently, a multifactorial aetiology is considered for OAVS. 2 The recurrence of OAVS in families with an affected member and the presence of isolated symptoms of OAVS in family members depose for the heterogeneity of OAVS. More factors acting on reproduction-migration of cranial NCC (between the fourth and seventh week of pregnancy), on interaction with ectoderm, mesoderm or endoderm, 2 and/or on abnormal function of genes expressed in ectoderm, mesoderm or endoderm of pharingeal arches are possible etiopathogenetic factors of OAVS. Currently, no genetic specific tests are available for OAVS and the diagnosis is clinical. 2 Screening by AGH should be performed in OAVS patients to recognize recurrent risks of disease transmission. 2 In our case, the AGH screening was negative, but clinical evidence of OAVS was present in proposita; in other members of family the basal symptoms of OAVS were present and the diagnosis was possible.
The proposita presented basal hyperlactacidemia (29.1 mg/dL) with elevated L/P ratio (54). After meal containing carbohydrates, glycemia was of non diabetic type, lactacidemia was raised (34.4 mg/dL) and persisted high (33.1 mg/dL) three hours after meal. Basal and after meal pyruvicemia showed slight modifications; L/P ratio was high (>20) after meal (one and three hours), deposing for a defect of electron transport of respiratory chain at the mitochondrial level, because hyperlactacidemia was permanent and reached the maximum level in the fed state, 19 as in electron transport of respiratory chain disorders. Hyperlactacidemia was present in mother and father of proposita with L/P of 41 and 51, respectively; normal pyruvicemia was recorded. In the absence of diabetes, also these results depose for a respiratory chain disease. 19 In the absence of shock and/or hypoxia, hyperlactacidemia is attributed to congenital conditions. 45 In our cases hyperlactacidemia with raised L/P ratio depose for a respiratory chain disorder, despite the apparent normality of mitochondrial enzymes at muscular biopsy. 46 As a matter of fact, not always the biopsy is diagnostic in these disorders, as demonstrated in a case of CPEO with ptosis without hystochemical, biochemical and clinical muscular abnormalities, in which only the genetic study demonstrated a single mtDNA deletion. 46 In three patients out of fourty having CPEO adult onset, 47 of which eleven with hyperlactacidemia, the muscular biopsy was not diagnostic, two cases presented PolG1 mutation and one case a mtDNA deletion. These reports emphasize the relevance of genetic studies in association with clinical, histological and eventually genetic/familial pictures. Mitochondrial enzymes have a dual genetic origin, nuclear and mitochondrial. 48 Both mendelian and maternal inheritance are reported. The knowledge of the type of inheritance may be adjuvant in the diagnosis of OXPHOS disease. PEO occurs in some forms of mitochondrial myopathy and can be sporadic or sometimes familial with autosomal dominant inheritance; in rare conditions, the dominant PEO inheritance was multisystemic and associated to hypogonadism. 18, 49 The muscular abnormalities were considered to be features of mitochondrial myopathy. 18 In our patient PEO, anisometry with hypotrophic and hypertrophic fibres with prevalence of type 1, and the electrophysiological results allowed the diagnosis of a typical form of respiratory chain disorder, i.e. the autosomal dominant progressive external ophthalmoplegia (adPEO). 18 adPEO is a miopathy which occurs as a mitochondriopathy; this condition is due to a mtDNA mutation and is present as dominant. 18 A late onset CPEO with recessive transmission is also described, 18, 44 with ocular and body muscle symptoms, hyperlactacidemia, Ragged Red Fibers (RRF) on biopsy, which may be associated to multisystem manifestations as migraine, polyneuropathy, diabetes with different phenotype. In adPEO, heteroplasmy (a condition in which normal and deleted mtDNA is present in all tissues) may explain the different results and the possible negativity of the biopsy in our patient. 47 In a family with PEO autosomal dominant transmission was reported by Melberg et al. 18 the ocular symptoms (ptosis and ophthalmoplegia or convergence weakness) were associated to limb weakness and wasting, Achilles areflexia, dysartria, dysphonia, raised LDH, hyperlactacidemia at rest, inconstantly raised CPK, ALT, GT, ALP in blood, normal motor nerve conduction, EMG of miopathyc type, sensory (sural) peripheral nerve involvement, and local responses. In advanced cases, muscle biopsy presented RRF and COX-negative fibres. In this family a different association of symptoms was possible, but the Authors 18 state that the combination of PEO, Achilleus tendon areflexia, EMG of myopathic type, and abnormally low sural nerve conduction, if associated to distal vibratory sensory impairment, seems to be typical of this disease, underlining the possibility of the diagnosis on the basis of electrophysiological signs which are typical for this form. 18 In our case, clinical and neurophysiological investigations showed a descent myopathy and weakness from cranial structures to inferior limbs related to age and disease duration. EMG was partially of myopathic type owing to the altered duration of some MUPs, sensory responses were reduced and cortical responses were not identified; these results were interpreted as the consequence of axonal neuropathy. 18 In our case the maximal conduction velocity values were normal, but the sural sensitive responses were low, a finding which can be interpreted as an axonal involvement or a conduction failure. Achilles tendon reflex was weak as in a case described by Melberg et al. 18 the negativity for RRF and COX staining may be explicated on the basis of heteroplasmy. 50, 51 The patient presented hypogonadism. PEO with pigmentary retinopathy is on a disease spectrum with Kearns-Sayre syndrome (KSS), a disease beginning before twenty years of age and characterized by ophthalmoplegia, pigmentary retinopathy and having at least one of the following symptoms: ataxia, increase of CSF proteins, cardiac block, in which mtDNA deletion or Polg mutation/deletion were demonstrated. In KSS, Berio and Piazzi 52 reported the association of hyperlactacidemia with facial abnormalities of neural crest cell-derived structures and attributed this association to the derangement of NCC, via abnormalities of branchial arches consequent to an early mtDNA mutation and OXPHOS derangement during blastogenesis.
Berio 53 reported the association of facial abnormalities with various mitochondrial diseases, notably with KSS and CPEO, via branchial arches abnormalities by scarce energy production during the critical period of embryogenesis causing neural crest cell gene abnormalities or NCC proliferation/migration and integration with tissues disorders. In our patient the association of respiratory chain disorder with some symptoms of OAVS deposes for a relationship between respiratory chain disorders and OAVS.
We assume that OXPHOS deficiency in embryo, by virtue of a disturbed oxygen metabolism, may alter directly face, muscles and brain energy production during the critical period of embryonic development, causing OAVS malformations and adPEO. 53 In this view, OAVS with adPEO may be considered a neurocristopathy. Alternatively, dos Santos et al. 35 hypothesize an altered genetic nuclear mechanism in OAVS; these Authors reported about a patient with OAVS and a microdeletion which mapped to the 22q11.21 region, i.e. to the typical Di George-velocardiofacial syndrome (VCFS). 35 Previously, Digiglio et al. 38 reported, in a OAVS patient, a 22q11.2 deletion which mapped to the typical VCFS deletion segment. Since 22q11 non-overlapping deletions cause similar phenotypes, the Authors hypothesized a possible regulatory mechanism acting on 22q11.2 mapped genes (GSC2 and TBX1 which are important for first and second branchial arches and ear development, respectively) and on NCC development.
We hypothesize that in our case a double mechanism responsible for the OAVS and the adPEO, i.e. a nuclear and a mitochondrial mechanism responsible for malformations and hyperlactacidemia, respectively, exist. Alternatively, OXPHOS gene mutation acting on contiguous genes present in the TBX1 region, via a regulatory mechanism interesting early NCC and branchial arches development, could cause the clinical symptomatology.
In the case of a proband with normal chromosomes and negative familial history, OAVS presents an empirical 2-3% risk of recurrence in siblings 2 ; but OAVS may show a recessive or dominant heritance in some families. To evaluate the recurrence of risk the research of minimal signs of OAVS, 2 in which we can consider the myopathy, is necessary. Considering the findings of our case, the myopathy of OAVS, 1 rarely reported in the literature, may be a sign which facilitates the diagnosis of OAVS, and may be added to the ocular, vertebral and auricular symptoms of this spectrum.
The hyperlactacidemia (basal, after meal, after physical exercise) in our patients led to the mitochondrial pathology domain, 17 which may have been responsible of some symptoms (hydrocephaly, ocular muscle hypotonia); in general, lactacidemia may be a screening for the evaluation of a mitochondrial myopathy, 17 and eventually for searching mtDNA mutation which may permit an early diagnosis and genetic counseil to parents. In our opinion, the demonstration of an associated mtDNA-OAVS pathology deposes for a metabolic energy defect in the pathogenesis of the malformations present in OAVS.
On the basis of this case it seems appropriate to search in every cases of OAVS for the presence of hyperlactacidemia which may depose for respiratory chain disorders. If our data will be confirmed, it could be allow to elucidate the pathogenesis of the disease which at present is still unclear.
Currently, the challenge is the identification of the metabolic and genetic bases of OAVS, a condition which is important for disease prevention.
